The use of oxygen enriched air is a common practice in high-temperature bioleaching tests (> 70°C) to 14 overcome oxygen solubility limitation and reduced the energy costs of the process. Air is usually 15 preferred in medium and low-temperature operations mainly for technical and economic constraints. 16
solids concentration -the microbial and chemical demand for oxygen is significantly increased during 18 the bioleaching process. If not satisfied, this high oxygen demand might limit the oxidation efficiency.
19
Therefore it requires the injection of large amounts of air. Sparging with oxygen enriched gas instead 20 of air may offer an interesting alternative process option to improve gas transfer in the bioleaching 21 reactor and to provide an adequate oxygen supply in order to satisfy the oxygen demand. It might be 22 useful to develop innovative alternative to the classical stirred tank reactor (STR) technology. 23 However, the use of such conditions can lead to much higher dissolved oxygen (DO) concentrations 24 than those encountered with air. Very few papers have been devoted to the study of the optimal range 25 of DO concentrations for bioleaching processes. Most of them reported an inhibitory effect of DO 26 concentrations above 5 ppm. The purpose of this study was to investigate the influence of DO on the 27 bioleaching efficiency under oxygen-enriched atmosphere in 21 L stirred tank reactor at 42°C. 28 Bioleaching experiments were performed in continuous mode with sulfide-rich tailings wastes 29 composed mainly of pyrite (51%) and quartz using the "BRGM-KCC" bacterial consortia. The solid 30 load was close to 20% (w/w). Using various oxygen supply conditions (partial pressure, gas rate), the 31 DO concentration in the reactor varied between 4 and 17 ppm. For a DO ranging from 4 to 13 ppm, a 32 good bacterial oxidizing activity was observed and the sulfide dissolution efficiency increased with 33 the DO concentration. It is assumed that this improvement of the bioleaching efficiency was linked to 34 an increase of the oxygen transfer rate from the gas phase to the liquid phase rather than a direct effect 35 of the DO level. When the DO concentration reached 17 ppm a significant decrease of the microbial 36 activity and consequently of the oxygen consumption was noticed. These results show that there is a 37 critical value above which the DO concentration is detrimental to the activity of the bioleach 38 microorganisms present in the "BRGM-KCC" consortia but this value is much higher than the one 39 usually mentioned in the literature. 40 41
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1-INTRODUCTION 45
Biohydrometallurgy is well established for the treatment of certain sulfide minerals, where iron and 46 sulfur-oxidising bacteria are used for the leaching of low grade copper ores and the pretreatment of 47 pyritic gold ores and concentrates. P° is the partial pressure of the gas in the gas phase; 101 H is Henry's constant, which is specific for the gas and the liquid phase. 102
Henry's gas law shows that the solubility of O2 in the leach pulp increases with increasing oxygen 103 partial pressure in the gas stream. Higher O2 partial pressures could be attained when the bioreactor 104 air or gas stream is enriched with added pure oxygen. This approach was used for the development of 105 processes using high thermophiles culture by teams working on the development of STR processes for 106 the bioleaching of chalcopyrite concentrates (Dew et al., 1999; d'Hugues et al, 2002) . In these studies, 107
oxygen was used instead of air because of the low solubility of O2 at high temperature. When working 108 with mesophilic or moderately thermophilic microorganisms, they might be various interests of using 109
O2 enriched air such as (i) to decrease the flow of gas stream injected in the pulp, reducing energy 110 consumption linked to agitation and compression of air (ii) to improve gas transfer to satisfy higher 111 oxygen demand associated with higher sulfide concentration. Using O2 enriched air is a promising 112 alternative that might be useful to develop innovation to improve the classical STR technology. Air 113
Liquide, Milton Roy Mixing and BRGM are currently testing an innovative bioleaching process using 114 floating agitators to mix and to suspend solids in the solution as well as to inject gases in the pulp. 115
This new concept enables to decrease the costs of bioleaching processes by operating in lagoons or 116 ponds instead of using costly tanks, and at higher solid loading (>20%) than in conventional stirred 117 tank bioreactors. In these conditions of high solid load, the microbial and chemical demand for oxygen 118 is significantly increased and air could be replaced by oxygen enriched gas to provide an adequate 119 oxygen supply in order to satisfy the oxygen demand. 120
However the use of such conditions can lead to much higher dissolved oxygen (DO) concentrations 121 than those encountered with air sparging. Very few papers have been devoted to the study of the 122 optimal range of DO concentrations for bioleaching processes. However most of them reported an 123 inhibitory effect of DO concentrations above 5 ppm (de Kock et al., 2004; Wang et al., 2015) . 124
The purpose of this study was to investigate the influence of DO on the bioleaching efficiency of a 125 mesophile to moderate thermophile consortium. The bioleaching tests were carried out under oxygen-126 enriched atmosphere in a 21L stirred tank reactor at 42°C in continuous mode with sulfide-rich 127 tailings wastes composed mainly of pyrite (51%) and quartz. The solid load was closed to 20% (w/w). 128
The DO concentration in the reactor was varied between 4 and 18 ppm by increasing the gas flow rate. 129
The influence of the DO level on the bioleaching efficiency was investigated through the monitoring of 130 the sulfide leaching kinetics, the sulfide dissolution yield and the structure and the abundance of the 131 microbial community. 132 133
2-MATERIALS AND METHODS

135
Characterization of the sulfidic materials 136
The experiments were performed using flotation tailings coming from a European copper mine. The 137 mineral of economic interest in the ore body is chalcopyrite (CuFeS2). At site, the ore is ground and 138 valuable chalcopyrite is then separated from pyrite by flotation. Copper contained in the chalcopyrite 139 is recovered by smelting whereas pyrite is discharged in tailings, from which the material used in this 140 study was sampled. The tailings are mainly composed of pyrite (51%) Bioleaching tests were carried out in continuous mode using a 21 L (working capacity) laboratory-157 scale stirred tank. This tank is made from 316L stainless-steel and has a height/diameter ratio equal to 158
1. The top of the reactors was connected to a gas cooling system to prevent excessive evaporation. The 159 bioleach slurry was mechanically stirred by a mixed (axial/radial) system (so-called BROGIM® -160 BRGM/MRM) mounted on a rotating shaft. The gas stream made of N2, CO2 and O2 supplied by Air 161
Liquide gas cylinder was injected beneath the turbine at the bottom of the reactor via a stainless steel 162 pipe. Gas mixture composition was controlled by valves and mass flow regulators for each gas. Gases 163 went through a gas mixer before injection in the reactor. The feed was made up of a high density pulp 164 flow (40% wt/wt of sulfidic materials in water) and a concentrated nutrient medium flow. The two 165 feed flows were pumped separately and injected into the tank in a ratio corresponding to the solids 166 ratio (20% w/w) required for the feeding pulp. The combination of the two flows resulted in nutrient 167 concentrations corresponding to 0Km medium. The residence time of the pulp in the tank was closed 168 to 2.2 days. The pH was regulated between 1.2 and 1.5 by adding limestone slurry of 500 g L −1 CaCO3. 169
The standard temperature was 42°C and was maintained constant by circulating cold water through 170 an internal stainless-steel coil. 171
Five conditions of gas flow rates and compositions were tested (Table 1) . CO2 was maintained close to 172 1% during the whole assay. O2 partial pressure was first set to 56% and the gas flow rate was 173 progressively increased from 50 to 500 NL h -1 (conditions 1 to 4, see Table 1 ) in order to increase the 174 concentration of dissolved oxygen in the liquid phase. In the last condition the gas flow rate was 175 decreased to 250 NL h -1 and the oxygen partial pressure was set to 70%. For each condition, the 176 experiment was carried out for an average time of 20 days, which enabled to monitor the bioleaching 177 test during several residence times and reach a steady state. 178 179 reactor and the OUR is equal to the OTR. Assuming that the nitrogen gas flow is the same at the inlet 199 and outlet of the reactor (i.e. is not consumed neither transferred to the liquid phase), Eq. 7 becomes: 200
Eq. 8 201
where: Q in is the gas flow rate at the inlet of the bioreactor, 202 PN2 in and PN2 out are the partial pressure of nitrogen in the gas at the inlet and outlet of the 203 bioreactor. 204
Analysis of the solid fractions and mass balances 205
When the bioleaching reactor was operating at steady state, samples were collected from the 206 overflowing pulp at the exit of the reactor and from the initial pulp feed. The samples of pulp were 207 first filtered with a Büchner funnel to separate liquid and solid phases. The filtered solid material was 208 then rinsed with a sulfuric acid solution at pH 1.8 and dried. Representative aliquots of the dried 209 materials (<80 µm) were analysed for metal contents (namely Fe, Co, Cu), total carbon and sulfur 210 speciation. Major and trace metal contents were determined by ICP-AES (Inductively Coupled  211 Plasma-Atomic Emission Spectrometry) after oxidizing digestion according to protocols dedicated to 212 ore analysis (degradation of all sulfides). Total carbon and total sulfur were determined using a Leco 213 analyzer: i.e. non-dispersive infrared analysis of CO2 and SO2 gas respectively, after heating and 214 passing of an oxygen stream. The same technique was used for sulfide (S 2-) determination, once the 215 sample has been leached in warm sodium carbonate solution to convert the metal sulfate into 216 insoluble carbonates and soluble sulfate. Sulfate was determined by gravimetry after the sample being 217 leached at boiling temperature with a sodium carbonate solution, ferric ion reduced to ferrous iron by 218 the addition of hydroxylamine hydrochloride, and the filtrate being precipitated with barium 219 chloride. The analytical data were then used to calculate the mass balance of the operation and to 220 assess the bioleaching performances (sulfide oxidation rates and yields). 221
Bacterial community monitoring 222
Homogeneous 2 mL pulp samples were taken at the end of the steady state of each of the five 223 operating conditions. After centrifugation, the pellet was washed in Tris buffer (100 mM, pH 8) until 224 acidity was neutralized, and genomic DNAs were extracted with the FastDNA Spin Kit for Soil and 225 manufacturer's protocol (MP Biomedicals), except for a speed of 5 for 30 s for mechanical lyses. DNA 226 was also extracted with the same procedure from filtrate (2 mL) and solids (about 0.7 g) obtained after 227 filtration of homogeneous pulp, in order to characterize bacteria located in the liquid phase or 228 associated with the solids. 
3-RESULTS
236
3.1-Influence of the dissolved oxygen on the dissolution rate and the OUR 237
The oxygen partial pressures analyzed in the gas inlet and outlet for the five tested conditions and the 238 corresponding oxygen solubility calculated using Henry's law (Eq. 6) are gathered in Table 2 . This 239 table presents also the DO concentration measured in the reactor. The gas injection conditions selected 240 enabled to test a wide DO concentration range from 4.7 ppm to 17.7 ppm. 241 242 The variation in OUR and pyrite dissolution rate for the five tested conditions is shown in Fig. 1 . Both 247 increased when the DO concentration is increased from 4.7 ppm to 12.9 ppm, which corresponds to 248 the conditions 1 to 4. OUR values are close to the values of pyrite dissolution rate as expected from Eq. 249 4 which shows that the bioleaching of 1 kg of pyrite consumes 1 kg of oxygen. 250
For the condition 5 where the DO concentration reached 17.7 ppm a sharp decrease of the pyrite 251 dissolution rate was observed. In that case it was not possible to calculate the corresponding OUR 252 because of the lack of precision in the analysis of the gas composition. 253 When looking at the conditions 2, 3 and 4 for which the residence time is the same, the sulfide 269 dissolution yield increased with the DO concentration. For the condition 4 the sulfide dissolution yield 270 reached 77% for a DO concentration of 12.9 ppm. These results as well as the corresponding values of 271 OUR and pyrite dissolution rates show (i) that the oxidizing activity in the bioleaching reactor is high 272 from 5 to 12.9 ppm DO concentration and (ii) this activity is enhanced when the DO concentration 273 increases. 274
For the condition 1 the sulfide dissolution yield is higher than for the conditions 2 and 3. But it is likely 275 that this result is linked to the higher residence time in the reactor rather than to an effect of the DO 276 considering the OUR and the pyrite dissolution rate which are both lower for the condition 1 than for 277 the conditions 2 and 3. For the condition 5 the sulfide dissolution yield drops to 29% despite the 278 higher residence time. This result is in accordance with the decrease of pyrite dissolution rate 279 observed for this condition and seems to confirm the appearance of an inhibitory effect of the DO 280 concentration on the biological activity when the DO becomes too high. 281 282 3.3-Influence of the dissolved oxygen on the microbial community (abundance and structure) 283
The bacterial community composition shows that the strains present in the bioleach pulp were the 284 same as the three main strains which make up the BRGM-KCC consortium used to inoculate the 285 bioreactors. They are all found in the five tested condition, L. ferriphilum being dominant and 286 accounting for up to 80% of the total community (Fig 2) . 287
The influence of DO on the biomass was studied, using 16S rRNA gene abundances as a measure of 288 total biomass as well as strain specific abundances. The total biomass was negatively affected by an 289 increase of DO, as shown by the decrease especially marked at a DO of 17.7 ppm where about one log 290 of gene copy numbers was lost (Fig. 2) . The strains composing the community followed the same 291 trend. Especially, At. caldus abundance, although high at low DO (4.7 and 5 ppm), showed a regular 292 diminution all along the experiment as well as the sharper decrease (1 log) as soon as DO increased 293 from 5 to 9.5 ppm. Interestingly, At. caldus represented the large majority of planktonic bacteria 294 recovered from the liquid compartment (see Fig. 3 ) and accounted for more than 96% of the total 295 planktonic community at DO of 4.7 and 5 ppm, respectively. At 17.7 ppm however, the biomass of all 296 strains had decreased, and L. ferriphilum and S. benefaciens appeared to be only slightly less affected 297
(1.9 log between conditions 1 and 5) than At. caldus (2.3 log). It is likely that a dissolved oxygen concentration between 13 and 17 ppm is critical for the bioleaching 308 efficiency. Below this critical value bioleaching efficiency increases with the DO concentration. It is 309 assumed that this improvement of the bioleaching efficiency is linked to an increase of the oxygen 310 transfer rate from the gas phase to the liquid phase rather than a direct effect of the DO level. This 311 hypothesis is partially confirmed by the increase of the oxygen uptake rate which is equal to the 312 oxygen transfer rate in steady state mode. Above this critical value the DO concentration starts to be 313 detrimental to the microbial activity and a sharp decrease of bioleaching efficiency (associated with a 314 significant decrease of the bacterial population) is observed. This critical value is difficult to determine 315 since the DO concentration depends on the rate of oxygen transferred from the gas phase to the liquid 316 phase and from the oxygen consumed by the bio-oxidation. As soon as the DO concentration is above 317 this critical value, the microbial activity decreases as well as the oxygen consumption, which entails an 318 increase of the DO concentration. 319
The DO level which affects negatively the efficiency of bioleaching with the KCC consortium is quite 320 different from those previously mentioned in the literature which reports an inhibitory effect for much 321 lower DO levels. Especially this study can be compared to the results published recently by Wang et 322 al. (2015) which studied the effect of dissolved oxygen on bioleaching using a sulfidic material and a 323 microbial community similar to the ones used in this study. The optimum activity of the microbial 324 population was obtained at 3.75 ppm concentration of DO. Above and below this value the OUR, the 325 oxidation rate and the oxidation ratio decreased. It must be noted that Wang et al. carried out their 326 experiments at 10% solids and in batch mode. The maximum OUR measured was closed to 160 mg L -327 1 h -1 , which is more than ten times lower than the maximum OUR measured in this study. The 328 microbial oxidizing activity was thus much lower. In the absence of data regarding the gas flow rate 329 and its composition (especially the partial pressure of oxygen) it is difficult to explain the 330 discrepancies observed between both studies, but it can be assumed that the influence of DO 331 concentration on the bacterial activity is very dependent on the other operating conditions such as the 332 solid concentration and the culture mode. It might also be bacterial strain dependent. 333
The increase of DO concentration has also a noticeable influence on the biomass which progressively 334 decreases when the DO concentration increases. This phenomenon is illustrated in Fig. 4 The BRGM-KCC microbial consortium can tolerate DO levels up to 13 ppm, and probably higher level 384 with a critical limit between 13 and 17.7 ppm, during continuous bioleaching and still maintain a high 385 bioleaching activity. This value is much higher than the maximal DO levels reported in previous 386 papers and is also higher than the solubility of oxygen in an air/water mixture (8.3 ppm at 25°C, 6 387 ppm at 40°C). The bioleaching efficiency (oxidation rate and dissolution yield) increases with the 388 increase of the oxygen supply (and oxygen transfer) up to a DO concentration of 13 ppm. However the 389 microbial activity and consequently the oxygen consumption significantly decreased at DO 390 concentration of 17 ppm. These results confirm the applicability of using oxygen enriched gas instead 391 of air to efficiently supply oxygen in bioleaching reactors without inhibitory effect on the microbial 392 oxidizing activity. However the oxygen partial pressure and the gas flow must be carefully adapted to 393 the oxygen requirements of the system to avoid too high DO concentrations in the bioreactors. 
